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X. On a General Bridge Method for Comparing the Mutual 
Inductance Between Two Coils with the Self Inductance of 
One of Them. By Cuaruus H. Lees, D.Sc., F.R.S. 


Rucrivep, January 13, 1916, 


1. When a resistance bridge for the comparison of the mutual 
inductance between two coils with the self-inductance of one 
of them has been set up and balanced for steady currents, it 
is very often found that no inductive balance can be obtained 
with the form of bridge adopted, or with the values of the 
resistances of the ratio arms which have been used. Another 
pair of values for the resistances of the ratio arms or another 
form of bridge has to be substituted, balanced for steady 
currents and an induction balance again attempted. To get 
rid of this waste of time I have introduced into my laboratory 
the bridge arrangement shown in Fig. 3, which allows an in- 
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duction balance to be obtained with the ratio arm used in the 
steady balance whatever may be the relation between the 
inductances of the coils. IH, further, the routine given in section 
5 be followed no waste observations are made. 

2. In Maxwell’s form of bridge,* Fig. 1, after the balance 
for steady current has been obtained, the shunting resistance 
T is adjusted till there is no throw of the galvanometer on 
making or breaking the cell cirewit. With the resistances and 
inductances shown in the figure we then have 


L/M=— 1+Q/P+(Q4+-8)/T}. 
This is a continuous induction balance; that is, it holds how- 


ever the E.M.F. applied to the bridge is varied. 
From the form of the expression for L/M it is evident that 


* Maxwell. “Electricity and Magnetism.” 2nd edition. Vol. L., pp. 
365-7. 
VOL. XXVIII. G 
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the method is only applicable to cases in which the mutual 
inductance between the coils is less than about half the self- 
inductance of the coil in the bridge arm. 

3. To get over this difficulty Brillouin* arranged the coils 
as in Fig. 2. When the bridge is balanced for steady currents 
the condition for the inductive balance is 

Lj{M-=—(Q+8)/(T+0). 
This balance is not a continuous but an aggregate or integral 
one; that is, the total flow of electricity through the galvano- 
meter from one steady state of distribution of currents in the 
arms of the bridge to another steady state is zero. 

When WM is large conipared to L it is always possible to get 
an inductive balance by increasing U whatever values of P and 
Q have been used in getting the steady balance. But if M is. 
small compared to LZ no value of U will give an inductive 
balance unless @ has been taken large enough. In practice 
this often leads to waste of time in rebalancing the bridge for 
steady currents with larger values of @ before an induction 
balance can be secured, or to the bridge being changed to 
Maxwell’s form. 

4, The arrangement I have adopted is shown in Fig. 3. The 
resistances PQR of the usual form of resistance box are 
supplemented by a second box V, U, through which the second 
coil is connected to the bridge. The cell is shown connected 
to an intermediate point of this resistance, but in practice it 
is connected to one end or the other, that is, either U=0 or 
V=0: | 

With the connections as shown in the figure, the resistances 
POR, &c., carrying the currents pq, &c., we have for no current 
through the galvanometer r=p, s=q, 


Pp=Q4, 
(P+R)p=(Q+S-+LD)q+MDu, 
(P+R)p+V(ptq)=(1+U+ND)u-+-M Dg, 


where D=d/di. 
On eliminating ¢ and wu from these equations we get 


(7+ U)\P+R—(Q+8)(P/Q)}p 
[(P+R+ V+ V(P/Q)}M+ (T+ U\P/Q)L 
—{P+R—(Q+8)(P/QWN|Dp 
—(P/Q)(LN — M?) D2» =0.+ 
* Brillouin. ‘‘ Annales de l’Ecole Normale.” 11, p. 339 (1882). 


+I have to thank Mr. D. Owen, B.Sc., for calline my att nti 
omission of LN from the Jast term of this equation, oe caesar 
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For a steady current balance we have, therefore, 
(P+R)/(Q+8)=P/Q, that is R/S=P/Q. 


For an aggregate or integral balance for changes from one 
steady state to another we have 


{P+R+V(P+Q)/Q}M+(2-+U)(P/Q)L 

— {P+R—(Q+8)(P/Q)} N=0, 
which reduces on introducing the condition for steady balance 
to L/M=—{Q+S+(1+Q/P)V} (T+ 0). 

For continuous balance for all changes of E.M.F. on the 
bridge LN —M?=0, a condition which is not satisfied unless 
there is no magnetic leakage between the coils. The 
balance, like Brillouin’s, is in general an aggregate or integral 
one only. For a galvanometer of period not excessively short 
Allen* has shown that in most practical cases an aggregate 
balance introduces no appreciable unsteadiness of the needle. 

5. In the practice of the method P and Q are the propor- 
tional arms of a resistance bridge box, such as the Post Office 
box, and should be of the same order of resistance as that of 
the coil whose selt-inductance is to be compared, but need not 
be equal. The coil of resistance S is piaced in the open arm 
of the bridge. In boxes in which the galvanometer leads are 
connected to the ends of P and Q the final adjustment of the 
third arm BR to give a balance for steady currents may be made 
by inserting between P and # a short length of resistance wire 
and altering the length till R is increased by the necessary 
fraction of an ohm. The actual resistance of the wire may be 
ascertained by observing the deflections of the galvanometer 
for the nearest integral ohm too small and that too great and 
taking proportional parts. If the connections of the keys of 
the box do not allow a wire to be inserted in this place, a corre- 
sponding short length may be put in series with the coil S and 
its value calculated by taking deflections in the same way. 
The second coil should be connected through a second resist- 
ance box VU to those terminals of the bridge to which the cell 
is usually attached, and the cell in the first instance connected 
to the same two terminals.. The steady balance is then ob- 
tained by taking out the infinity plug at U, making the cell 
circuit before the galvanometer circuit, and adjusting A by 
means of the plugs and the wire till the deflection of the gal- 
vanometer is reduced to zero. If the drift of the value of R 


* Allen. ‘‘ Phil. Mag.” 25, p. 534 (1915). 
G2 
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for a balance is considerable, the heating of the coil S owing 
to the current in the bridge must be reduced by inserting a 
resistance in the cell circuit. 

The trouble due to this drift is least when the inductive 
balance is obtained on breaking the cell circuit rather than on 
making. The direction and magnitude of the throw of the 
galvanometer on breaking the cell circuit should be noticed. 
This direction is that of the self-inductance throw. Now 
insert the infinity plug in U so that the mutual inductance 
comes into play, and again notice the direction and magnitude 
of the throw. If the second or composite throw is greater 
algebraically than the first or self-inductance throw the second 
or mutual inductance coil must have its connections to the 
bridge reversed. If the composite is less algebraically than 
the self throw, the connections are right. If the composite 
throw is zero we have a direct balance. If the composite 
throw is of opposite sign to the self throw the resistance U 
should be increased till the composite throw becomes zero, V 
being kept zero. This is the Brillouin arrangement. If the 
composite throw is in the same direction as, but less than, the 
self, transfer the cell lead to the U end of the resistance box, 
thus making U zero, and adjust V till the throw is zero. This 
is the new arrangement. None of these alternatives require 
the original steady balance to be disturbed, and by following 
the routine suggested there is no time wasted in useless observa- 
tions, whatever the quotient of L by M may be. 

The following example* illustrates the method :— 

Inside coil Z in bridge arm. P=Q=100 ohms. 

Steady balance with V=0, U=«. With R=77 deflection 
17-7 leit, R=76, 16-1 right. 

Hence R ior balance=76-48 ohms. Wire resistance ad- 
justed to give balance. 

Induction balance. Throws on breaking cell circuit. 

V=0, U=0, self 25 left ; U=0, composité off scale left. 
Connections of mutual coil reversed ; composite 4°3 left. 
Hence U made=0 and V adjusted till with V=22 ohms 

throw zero. TY found 129-7 ohms. 

Hence L/M== —220:48/129-7=: —1-70. 

On increasing P and Q to 1,000 ohms it was found that V 
should be 0 and U=505 ohms for balance (7.e., Brillouin’s 
arrangement). Hence L/M—=-—1076/635= —1-70 as before. 


* The numbers were obtained by my colleague, Mr. G. D. West, B.Sc. 
during the test of a variable mutual inductance of the Rayleigh type. 
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ABSTRACT, 


It is shown that the self-inductance LZ of a coil of resistance S may 
be compared with the mutual inductance M between the coil and 
another by making the first coil one arm of a bridge, PQRS, of which 
the second coil and a resistance U-+-V in series form one diagonal, 
the galvanometer forming the other. The cell is connected through a 
key to the point of contact of U and V. When the steady balance 
has been obtained U or V can be varied so as to get an induction 
balance for any value of L/M without P, Q, R or S having to be 
changed. Then L/M=—{Q+8+(1+Q/P)V} /(7+-0). 


DISCUSSION. 


Dr. A. RussExu said that the author’s arrangement was a great im- 
provement on Maxwell’s original method, Asa student at the Cavendish 
Laboratory, he had experienced great difficulty with that method. The 
greatly increased accuracy in inductance measurements due to the use of 
vibration galvanometers had led to neglect of the older methods, but 
some of them would be useful in special cases. He asked the author why 
in his final formula he had made the mutual inductance negative. 

Principal Sxinnur said that he had also found difficulty with Maxwell’s 
method, and congratulated Prof. Lees on the simplicity of the apparatus 
required in his modification. 

Mr. W. Dupprtt welcomed an addition to the methods of measuring 
inductance. The more alternative methods available for checking 
results the better. 

Prof. How suggested that T and N should be inserted in the figures as 
well as in the text. He thought Figs. 2 and 3 should be drawn in a 
similar way to show their close correspondence. 

The PruestpEnT said that he had always experienced trouble in obtain- 
ing a balance with Maxwell’s arrangement, and he was relieved to find 
that similar difficulty had been experienced by workers in the Cavendish 
Laboratory. 

The AuTHor, in reply, said he had simply followed Maxwell with regard 
to the negative sign of the mutual inductance. He would be pleased to 
make the alterations to Fig. 3 suggested by Prof. Howe. 
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XI. An Enclosed Cadmium-Vapour Are Lamp. By Henry 
J. S. Sanp, PA.D., D.Sc., Sir John Cass Technical Institute. 


RECEIVED DECEMEER 22, 1915. 


THe yellow sodium doublet and the lines emitted by the 
mercury-vapour arc have hitherto usually been employed in 
those branches of physical inquiry in which a powerful light 
of well-defined wave-length was needed. The great importance 
of having further lines at our disposal, particularly for the 
measurement of rotatory dispersion, has been emphasised 
recently by Lowry, to whom we owe the introduction of the 
mercury are into polarimetric work; and the use of the 
cadmium lines was recommended by him.* Lowry describes 
an arc lamp of the open type in which a cadmium-silver alloy 
was employed and which thus gave the silver as well as the 
cadmium lines, and, later, Lowry and Abram give an account 
of an enclosed cadmium-arec lamp designed to supply the 
cadmium lines only. In connection with this lamp they express 
the view that the development of the enclosed cadmium are 
promises to inaugurate a new era in the measurement of 
normal rotatory dispersion, and to effect a revolution in polari- 
metric methods comparable with that which resulted from the 
introduction of the mercury arc. The employment of Lowry 
and Abram’s lamp was, however, not very convenient, as it 
had to be left permanently connected with an air pump. It 
was started by an electric spark and was run at a low tempera- 
ture, being water-jacketed, but, even so, its lite was not long. 

Having been engaged for some years in attempts to con- 
struct a cadmium-vapour lamp suitable for more general 
purposes, I decided to apply the experience gained, to the 
design of a lamp that would meet the requirements of a labora- 
tory appliance as completely as possible. The lamp which I 
have constructed for this purpose is run at a fairly high tem-- 
perature, the metal being melted by means of a Bunsen burner 
before starting, so that the arc may be struck by tilting ; and 
the temperature of the lamp is maintained high enough to keep 
the metal in a molten condition’ and to prevent condensation 
of metal-vapour on the glass. 

The principal difficulties to be overcome consisted in the 
removal of dissolved gases and oxide from the metal and in 


** Phil. Mag.,” 1909, 6th series, Vol. XVIII., p. 320. “Trans.” Faraday 
Soc., 1911, 7, p. 267; and “ Trans.” Faraday Soc., 1914, 10, p. 103. 
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preventing it from adhering to the glass, which would lead to 
fracture of the lamp on heating and cooling. As the lamp is 
constructed of quartz glass there was also the difficulty of 
obtaining an efficient vacuum-tight seal for the leading-in 
wires, but this difficulty was overcome in a perfectly satis- 
factory manner by the lead-seals described about a year ago.* 
The oxide and dissolved gases are removed by subjecting the 
metal to a process of filtration in a vacuum during introduction 
into the lamp. The adherence to the glass, which would be 
very great in the case of a metal freed from its coating of solid 
oxide, is overcome by introducing into the lamp a small amount 
of a fine powder which spreads itself out over the surface of the 
metal. The powder chosen for this purpose was always 
zirconia, obtained by igniting zirconium nitrate. 


Tee ae 


Fig. 1 shows the general appearance of the lamp. It will 
be seen that it consists of a quartz tube bent into an inverted 
U in such a manner as to give rise to a short cathode chamber 
A and a long anode chamber B. Hach of these chambers is 
continued in a leg consisting of a thick-walled capillary through 
which a tungsten wire passes, the lead seals s,s being fitted at 
the ends of the legs. Figs. 2 and 2a illustrate the method 
adopted to fill the lamp. A small amount of ignited zirconia 
having been introduced at a, the lamp is attached to the pump, 
the piece of cadmium M having previously been placed in a 
side tube connected with the pump by a tube constricted to 
capillaries at b, b, b for the purpose of filtering the metal. An 
alternative plan is shown in Fig. 2a, in which the capillaries 
are dispensed with and the metal is placed in a cage made of 


* “ Proc.,” Phys. Soc., 1914, 26, 127. 


96 DR. H. S. SAND ON 


iron wire gauze, by means of which the oxide is filtered off. The 
quartz glass exit tube to the pump is usually connected to the 
latter by a ground glass joint disposed at right angles to the 
plane of the paper, thus allowing the whole lamp to be tilted 
while evacuated at the pump. After the lamp has been care- 
fully exhausted the metal is melted and allowed to run in. 


Fia. 2. Fig. 2a. 


During this process it is freed not only from oxide but also 
very largely from dissolved gases. If desired, the metal may 
be further boiled while the lamp is still at the pump. The 
lamp when drawn off is now ready for use. A convenient plan. 
for setting it up consists in holding one leg in a clamp and 
taping the insulated leading-in wires and terminals on the 
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shank of the clamp so that they may not be twisted off on 
tilting. This tilting is effected by rotating the shank of the 
clamp in its boss head. As already mentioned, the lamp is 
started by heating with a Bunsen burner from the top until 
the metal is well molten. When started from the cold it 
usually lights up even before tilting. It was usually run on 
a lighting circuit of 100 or 200 volts with a back resistance 
adjusted to take a current of 5 to 7 amperes on short-circuit. 
The voltage on the terminals of the lamp is low, usually about 
30. Owing to the fact that the small upper chamber holds 
the cathode, metal distils into it from the hotter lower anode 
chamber, and drips back again once everytwo or three minutes, 
causing a slight flicker, which does not, however, interfere with 
the use of the lamp. It is advisable after use to remove the 
metal from the bend of the tube,as it would probably otherwise 
set up strains on solidification which might lead to fracture of 
the glass. The lamp may be kept burning for an indefinite 
time ; it yields a powerful light, and it is hoped that it maymeet 
all the requirements of a laboratory appliance for optical 
purposes. 


ABSTRACT. 


The lamp shown was similar in general principle to the well-known 
mercury lamp. It is constructed of quartz glass. To start the 
lamp the metal is melted by means of a Bunsen burner, and the are 
struck by tilting. Before introduction into the lamp the metal is 
freed from oxide and dissolved gases by a special process of filtration 
while at the pump. It is prevented from adhering to the glass, 
which might lead to fracture, by the presence of a small amount of a 
loose powder in the lamp. The lamp gives a powerful light and once 
started will continue burning indefinitely. 


DISCUSSION. 


Dr. J. A. Harker mentioned {that when Benoit and Michelson were 
performing their celebrated experiments on the length of the metre in 
terms of the wave-length of light it was necessary to make up a large 
number of cadmium vacuum tubes. One of these only lasted about one 
day. The light was incomparably poorer than that given by the author’s 
lamp, and the windows were constantly becoming obscured with con- 
densed metal. 

Dr. R. 8. Wittows said he had seen this lamp working satisfactorily 
for four or five hours on end. For diffraction experiments it was of the 
greatest importance to have really strong sources of monochromatic light. 
With suitable filters the cadmium lamp would prove extremely useful for 
such purposes. 

Dr. T. M. Lowry, in a written communication which was read by the 
secretary, expressed a high opinion of the utility of the cadmium are 
lamp. He had used one of Dr, Sand’s lamps for over a year, and for 
laboratory purposes there was no particular in which it could be improved. 


s 
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Five years of additional experience had confirmed the conclusion which 
he had come to in 1909, that the best series of lines for exploring all the 
chief regions of the visible spectrum is obtained by combining the arc 
spectra of mercury and cadmium with the flame spectra of lithium 
and sodium. The complete series of lines was as follows : 
5 

Li, 6708; Cd,i 6438; Na, 5893; He, oe ; Hg. 5461; Cd, 5086; 
Cd, 4800; Cd, 4678; Hg, 4358. His own experiments on the production 
of a strong cadmium spectrum had been described elsewhere, and if, as he 
believed, these had helped to stimulate Dr. Sand in his endeavour to 
produce a practical arc, their publication had been even more fully justi- 
fied than he had hoped. 

The Prustpent asked if the cadmium vapour are acted as a rectifier in 
the same way as the mercury are. 
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THE GUTHRIE LECTURE. 
Some Problems of Living Matter. 
By W. B. Harpy, M.A., Sec. R.S. 


DrtiverED January 28, 1916. 
Brine THE SeconD GuTHRIn LECTURE. 


I am, I understand, to discuss to-day physical problems raised 
by the study of living matter. There is no lack of such pro- 
blems. [am embarrassed by their number and variety. 

Let me begin by some general account of living matter. A 
simple single-celled animal of the type of amceba has a volume 
roughly equal to a sphere of about 30y radius. It is composed 
of a translucent turbid material showing no structure. 
Recently such cells, in spite of their minute size, have been 
dissected while still living. The operation was carried out 
under the microscope with fine needles of hard glass, operated 
by a mechanical device. The result has been to remove some 
classical misconceptions. One is that living matter has a foam 
structure. Dissection shows that the appearance of spaces 
filled with fluid is due to the presence of fat drops, which can 
be dissected out of the living cell. Such drops are probably 
merely food reserve, and are external to the living substance. 
The latter, freed from such masses, is in some places a rigid 
gel, in others a fluid of high viscosity—that is to say, a slime. 
Somewhere in the cell is a mass having distinctive properties 
called the nucleus. It may be either a colloidal solution 
enclosed in a very tough membrane of transparent gel, or a 
tough gel containing many granules from 0-5u to 1-54 in 
diameter, which is rigid in the sense that minute pieces broken 
off do not round up under the influence of molecular attrac- 
tion. The living substance is sometimes a puzzling com- 
bination of fluidity and elasticity. This is especially the case 
with the substance of a muscle fibre. A glass needle may 
be moved about in it in all directions freely, but if a portion 

‘be broken off it can be pulled out into a filament of extra- 
ordinary length, which when released will almost regain its 
previous shape. 

The ordinary microscope, therefore, teaches us only that the 
actual living substance when freed from food matters and 
stored chemical products is a translucent gel or slime. The 
ultra-microscope carries us a stage further. It shows the 
translucent material to be composed of an optically homo- 
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geneous substance, in which are embedded a multitude of 
minute particles. Usually the particles are in Brownian 
movement ; the mass, therefore, as a whole is more fluid than 
solid. But the Brownian movements sometimes cease for a 
time, to be renewed later. The degree of fluidity, therefore, 1s 
variable, the mass, or portions of it, may alter in the direction 
of a rigid gel, and the change can be reversed. Such a change 
in the direction of an increase in rigidity seems to entail the 
expenditure of energy, since it is described as occurring in 
response to an external stimulus. It is also characteristic 
of the death change when the free energy of the cell runs down 
with rise of temperature. 

The appearance of minute particles shown by an ultra- 
microscope is common to colloidal systems, so we may in 
general regard the living cell as a mixture of colloidal slimes 
of varying degrees of fluidity. This seems a curiously insuffi- 
cient basis for the prodigious potentialities of, e.g., an ovum 
or spermatozoon ! 

One feature may suggest more to my audience than it does 
to myself—namely, that though the substance of the living cell 
is uniformly translucent to light of ordinary wave-length, some 
parts are remarkably opaque to ultra-violet light. This is true 
of the nucleus. By taking advantage of this difference, quite 
sharp photographs have been obtained of the nucleus in the 
living cell. 

The activities of these simplest organisms are at first sight 
as simple as their structure. Consider, for instance, their mode 
of progression. It is no more than a flowing of the protoplasm 
which causes the whole cell to roll along a surface. A few 
grains of charcoal placed on the upper surface of an amceba 
are carried forward—7.e., in the direction of motion of the 
whole animal over the forward edge and backwards along the 
face in contact with the surface over which it is crawling. It 
reminds one of Helmholtz’s account of the displacement of 
electricity when a dielectric is rubbed over a surface. The, 
simple movement of an amceba is what would occur if the 
contact potential difference between the animal and the solid 
were greater at the front than at the back end. 

At intervals the animal takes into its interior particles of 
food by flowing over them. It dissolves out the portion 
profitable to itself and extrudes the remnant. But. this 
seemingly purposeful act is very closely copied When drops of 
chloroform in water are fed with particles of glass coated with 
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shellac. The particles are pulled into the interior of the drops, 
the shellac dissolved and the indigestible masses of glass thrust 
out. 

We have merely to observe the marvellous variety of animal 
and plant life to realise that this appearance of simplicity must 
cover a real complexity. The appearance of simplicity is, 
indeed, but an example of the characteristic of living matter, 
the adaptation of the means to the end. The phenomena are 
simple only so long as the object to be attained is simple. Take 
movement as anexample. I have watched one of these simple 
cells endeavouring to bend and break a chain of bacteria so as 
to get short lengths capable of being ingested. During the 
operation a particular cell became extended between the ends 
of a chain until it had the form of a cylinder about 30 long. 
The movements now took on an entirely different character. 
The cylinder swelled out at one end, and the swelling progressed 
as a slow wave forward and backward over the length of the 
cylinder. Simple flowing movements were replaced by an 

. orderly rhythm of waves of shortening. 

Let us take another illustration. Some animals of the 
simple type we are considering get their living as the spider 
does, by spreading a net. The net has not the geometrical 
regularity of those which are hung in the hedgerows where they 
condense the atmospheric water to such delightful patterns, 
but not the less are they nets spread to catch prey. The 
threads are actual processes of the body of the animal—the 
pseudopodia of the zoologist—and each single thread is a 
cylinder only a few win diameter. Such a cylinder considered as 
a figure of tension must be highly unstable. The tension of the 
suriace probably is small compared with that of water. Certain 
evidence would fixit about 45 dynes. The maintenance of this 
thread of semi-fluid material, therefore, either is due to a 
solidification of its surface or needs continuous expenditure 
of energy. The matter does not end here however, for the 
thread is not a simple cylinder of protoplasm. The substance 
is in movement; the motion of the minute particles floating in 
it show that there is an outward and an inward stream or flow, 
and at the face where the two streams meet the frictional 
stresses produce double refraction. 

Consider also the puzzling discriminations exercised by the 
surface of these simplest cells. When two parts of the same 
animal come into contact the surfaces soften and the parts fuse, 
but this does not occur when different individuals touch. 
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The living. cell is,-in fact, a machine, capable of carrying 
out movements, and of complex growth and differentiation 
of substance. Oxidative processes are the source of its energy, 
but the oxidation is not direct, as in the burning of a candle. 
There is a store of energy which is set free in response to a 
stimulus, and the intake of oxygen occurs only afterwards. 
The oxygen restores the potential. A large variety of ferments 
are present either actually or potentially. They are set free, 
and can be identified when the cell is broken down and its 
material dissolved. 

Now, living matter contains from 80 to 90 per cent. of water. 
In any ordinary dead gel or slime with so much water, diffusion 
would obliterate differences of state so far as simple chemical 
substances such as salts are concerned. Initial differences 
in the state of aggregation of the colloid would not so readily 
disappear owing to the slow rate of diffusion, but if electro- 
lytes were present they would, by their diffusibility and pro- 
found influence upon colloid structure, tend to produce a 
uniformity. Living matter is remarkable in the fact that we 
have freedom of interchange of matter, otherwise nutrition 
would fail, combined with the preservation of sources and 
sinks of energy in a material which is essentially a fluid. 

The most fundamental, and to my mind the most puzzling, 
problem of living matter lies in this contradiction between 
the functionai and chemical complexity of living matter and 
the apparent simplicity of its structure. Both microscope and 
ultra-microscope tell us simply that it is a colloidal sol of high 
but varying viscosity. The material basis of life is apparently 
much less structural than, for instance, a simple gel such as, 
e.g., that of azomethine. This is at first sight merely a trans- 
lucent yellow glass, but the microscope shows it to be a weld of 
masses, each of independent origin ; each of these masses is a 
weld of smaller masses arranged in an orderly pattern, and 
these again are built of ultra-microscopic particles. 

The .questions which I specially wish to discuss are raised 
most directly by the phenomena of growth. The growth of 
hiving matter has been compared to many things—to the 
growth of a crystal, among others.. In the growth of a crystal, 
molecules of the same nature as those which constitute the 
crystal are aggregated to a definite formal pattern. In the 
growth of living matter, extraneous molecules also are ordered 
to a particular pattern, but the molecules are not the same as - 
those which constitute the growing mass. Growth is part of 
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a cycle of chemical and physical changes. The case of the 
crystal is helpful as furnishing an example of the directive 
influence of a pre-existent molecular pattern. Perhaps it is 
not generally known that similar directive action is manifested 
by dead colloids. Many colloids are systems following a path 
of change whose form is determined by their previous history. 
The course of the change with time and at constant tempera- 
ture of the viscosity of, for instance, a solution of gelatine is 
determined by the temperature at which the solution was 
made and by the rate of cooling. If, now, this solution is sown 
with small portions of another system, say with bits of gel, 
the path of change is altered completely. 

We thus have analogies in the world of dead matter for 
individuality in the characteristic path ot change ot colloidal 
systems, and for the directive influence which underlies growth 
in both crystals and colloids; but a remarkable feature of 
living matter is the distance over which such directive influence 
appears to be exerted. The regeneration of cut nerves per- 
haps best illustrates this. 

Let me first premise that the growth of any part of a cell 
is controlled in some unknown way by the nucleus. When 
individuals of the single celled type are cut into pieces most 
of the fragments grow and regenerate the entire animal; but 
this power of regenerative growth is. limited strictly to those 
fragments which contain a portion of the nucleus. 

Consider now a nerve cell and its related nerve fibre. The 
latter is a process which grows out from the former, and is 
covered by certain insulating sheaths. The cell body con- 
taining the nucleus varies much in size, but we may put it as 
roughly equal in volume to a sphere of 50 to 100u in diameter. 
The cell process or axon divested of its insulating sheaths is 
a delicate rod of protoplasm, 5u to 10m in diameter, which, 
in a large animal such as a whale, may be some metres in length. 
The integrity and the power of growth of the whole of the axon 
is dependent upon the nucleus. If the nucleus is destroyed 
the whole structure perishes, and if the nerve fibre is cut 
that portion of the axon which is still in connection with 
the nucleus grows, whilst the part cut off disintegrates and 
dissolves. The nerve fibre, therefore, furnishes us with an 
example of a system capable of growth only so long as it is 
united with a portion of matter, which may be some metres 
distant and to which it is connected only by a cylinder a few 
in diameter. I do not think that there can be any transport 
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of actual nutritive material by such a tenuous connecting link. 
The relation may be a static one, the molecular pattern of the 
nerve fibre being unstable when isolated from the nerve cell. 
But such scanty evidence as is available tends to show that it 
is a dynamic one in the sense that the integrity of the molecular 
structure of the entire axon is maintained by expenditure of 
energy. The nucleus and cell body, in upholding the molecular 
pattern, may be said to exert a directive influence along the 
whole length of the nerve fibre. 

The immediate environment of the growing face of a cut 
nerve fibre also exerts a remarkable directive influence upon 
its growth. It must be known to all of you that the severed 
ends of a nerve will heal so as to give complete restoration of 
function. The nerve in question may be a bundle of some 
thousand fibres, along which the nervous impulses which pro- 
duce the exactly controlled movements of skilled action are 
transmitted, and the restoration of complete function after 
section is like the joining together of a bundle of cut telephone 
wires in such a way as to restore all the connections. 

For complete restoration of function it is not necessary 
to fit the cut ends of the nerves closely together. They may 
be left in the wound separated by a space of some centimetres. 
Imagine them so separated. From the central end—that 
is to say the one whose fibres are still connected with the 
nerve cells—the axons grow out. The axons of the peripheral 
end break up and dissolve. Now the growth of the axons 
is at first aimless in direction, the filaments making their 
way along lines of least resistance in the spaces of the tissues. 
After a time, however, they come under some influence 
emanating from the other cut end of the nerve. They turn 
and grow as directly as possible towards it, and finally invade 
the empty sheathes and grow down them. What is the 
nature of the directive influence? It is without doubt 
chemical. Some’ substance diffusing out determines the 
direction of growth, for when two tiny tubes of celloidin are 
placed near the cut end, one filled with an emulsion of liver 
and the other with an emulsion of nerve, the axon filaments 
sien towards the latter. They are, as it were, attracted 

y it. 

The direction of growth must be determined by the density 
of a diffusion column. If we ‘take the end of a single axon as 
the end of a cylinder 5y in diameter, and if it is inclined at a 
small angle to the axis of diffusion, the difference in the rate 
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of growth of different parts of the cylinder needed to orient 
it must be produced by differences in the concentration of the 
diffusmg substances which occur in distances less than 1y, 
measured along the axis of diffusion. I need not emphasise 
how minute these differences must be. 

It looks as though we might have to claim for the axon the 
perfect sense of direction ascribed by a student to amceba. 
Asked to describe the response of this animal to an electric 
current, he said: ‘“ When subjected to electricity an amceba 
withdraws all its pseudopodia except one, and then directs 
itself to the North Pole!” 

Let us consider the directive influence which underlies 
' growth from another point of view. The complex organisa- 
tion of the higher animals exhibits well-marked periods of 
growth, decay and death, and the duration of these periods 
is characteristic of each species—the three score years and ten 
of man, for instance. But these periods are not obvious in the 
history of single-cell types, in which the whole cell simply 
divides to form a new generation. Indeed, the question arises 
whether decay and death are intrinsic properties of these 
animals. Individuals of the species Paramcecium have been 
isolated under normal and healthy conditions. Each in- 
dividual was the starting point of a series of generations, there 
being on the average two generations in three days, and the 
rate of division was recorded, the records furnishing the basis 
for a curve of vitality. Such a curve shows fluctuations of a 
fairly regular character—“ rhythms,” they have been called. 
The curve alternately rises and falls, and each complete 
rhythm, a rise and a fall that is, lasts about a month. The 
curve as a whole, however, was found steadily to fall, until at 
about the hundred-and-seventieth generation the race dies out. 
This was held to establish the appearance of senile decay in 
strains isolated from mixture with other strains but otherwise 
in completely healthy surroundings. The discovery that 
unfertilised eggs of sea-urchins could be made to develop by 
immersing them for a few hours in more concentrated sea 
water suggested the possibility that senility could be cured 
in protozoa. Therefore, when the period of decay had arrived, 
and individuals were dying off rapidly, the effect of placing 
the individuals in various infusions was tried. The infusions 
of animal tissues were found to give the required result. After 
exposure to them for a short time the rate of growth and of 
reproduction reached the normal level, death ceased, and a 
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strain was maintained in full vigour for 860 generations. The 
living matter of these cells seems to be potentially immortal. 

The point of immediate interest in these experiments is that, 
in the periods of depressed vitality, the power of heredity in 
determining form becomes imperfect, and many “ monsters ” 
are produced. We have here, then, a wearing out of the direc- 
tive influence which underlies growth. 

In the process of artificial rejuvenescence it cannot be a 
chemical insufficiency which is made good; it must be a 
physical state which is restored. This is obvious when we 
consider a special case. Thirty minutes’ immersion of an 

‘individual paramecium in 0-1 per cent. potassium phosphate | 
was found to restore vitality, and the effect persisted for 282 
generations. The effect cannot be due to the presence in 
individuals of a trace of the salt, for each generation would 
halve the amount, so that as early as the twentieth generation 
less than a millionth part would be left for each individual. 

It will be remembered that when a solid surface has been 
washed by a salt solution the contact potential of the surface 
with pure water is altered, and, according to Perrin, simple 
washing with water fails to restore the original state. It is, 
I expect, the wearing out of this kind of state which leads to 
senility. 

Recent work on nutrition suggests reconsideration of these 
experiments on protozoa. A diet must, of course, contain 
water and a supply of fuel in the shape of proteins, fats and 
carbohydrates. It must also contain substances which do not 
contribute energy, such as simple salts and a class of sub- 
stances whose presence has only been recently detected called 
vitamines. Nothing is known of the chemical nature of these 
substances nor how they act, but incredibly minute quantities 
are sufficient. 

The existence of and need for vitamines first appeared, I 
believe, in connection with the disease beriberi. This is a 
disease of the nerves, and it was noticed that birds fed on 
polished rice—that is to say, upon rice ‘free from its pericarp— 
developed beriberi, but recovered if the polishings themselves, 
or an alcoholic extract of the polishings, was added to the white 
Tice. 

Once attention was drawn to these accessory foodstuffs 
instances of their occurrence multiplied quickly. They have 
been found necessary for mammals, birds and minute plants. 
Scurvy seems to be due to their absence from preserved foods. 
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Their influence would appear to be limited to the processes 
underlying growth. The following two cases illustrate this 
and also indicate the minute quantities necessary. When 
young rats are fed upon artificial milk made by mixing together 
in the right proportions the component substances of ordinary 
milk, previously separated and purified, they lose weight and 
die. Now, to convert artificial milk into a perfectly adequate 
foodstuff all that is needed is the addition of 2 per cent. of 
ordinary ‘milk. Certain Continental workers challenged this 
result, but later they had to confess their error, which arose 
in an interesting way. The commercial pure lactose which 
they had used to make the artificial milk was found to contain 
vitamines. Even after four re-crystallisations two grams a 
day carried enough vitamine for a 50 gram rat. Only by many 
re-crystallisations is vitamine free lactose produced. 

Another case. The common brown diatom of the sea 
litoral will not grow at all in artificial sea water, but will grow 
very freely in such water to which as little as 0-2 per cent. of 
natural sea water has been added. 

The intimate connection between vitamine and growth is 
illustrated by the case of cancerous tumours. Mice can be 
kept at constant weight on a diet of purified wheat protein, 
starch, lard, lactose, salts and water. Some mice, previously 
moculated with a rapidly growing sarcoma, were put on the 
artificial diet, others similarly inoculated upon a normal diet 
of bread and corn. The cancer was found to grow much more 
slowly in those on the artificial diet. To give an example, 
a mouse after 52 days of artificial diet showed a tumour only 
4mm. in diameter. It was then put upon normal diet, with 
the result that in 30 days the tumour was nearly as large as the 
mouse itself. Too much must not be based upon this result, 
interesting as it undoubtedly is, until it is fully confirmed. 

It has been suggested that vitamines intervene in growth by 
contributing to the fixation of the molecular pattern of the 
newly formed substance. Their action has been compared to 
that, say, of a dextrorotary crystal which by its presence 
causes a mass of fluid indefinitely larger than itself to deposit 
right-handed crystals. The analogy can at the best be but 
rough. The influence of a crystal is limited to directing the 
system along alternative paths of change, all of which increase 
the entropy. In the growth of living matter, however, the 
local change, at any rate, is from simple to complex, froma 
lower to a higher content of free energy. 

H2 
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The nerve fibre of an adult animal grows only when it is cut. 
The faculty is latent in the completely functional structures ; 
therefore, though growth and function affect each other, they 
must be distinct process in the sense that the whole cycle of 
change of energy and matter which constitutes function may 
occur without growth. Jf vitamines intervene in growth by a 
stereochemical effect upon the construction of new matter, the 
other class of accessory foodstuffs—namely, the simple salts— 
stand in interesting contrast, since they exert a directive 
influence chiefly upon the changes of energy which constitute 
function. The amplitude, period and form of the contraction 
wave of the heart are, for instance determined by the nature of 
the electrolytes present. The rhythm of the heart muscle 
appears to be based upon the antagonistic action of univalent 
and bivalent cations. The voluntary muscles have no in- 
trinsic power of rhythmic movement. They respond only to 
the nervous impulse or to some external stimulus. But one of 
these muscles immersed in a bath of the right kind and concen- 
tration of electrolytes, will beat as regularly as the heart itself. 
The regulation of respiration—that is to say, the adjustment of 
the rate and depth of breathing to the needs of the body—also 
is based upon the extreme sensitiveness of a portion of the 
brain to variations in the hydrogen-ions concentration in 
the blood. Normally this has the value 10-73. Scrambling 
up a mountain 1,000 ft. ascent in 30 minutes alters this only 
to 1057-2. 

The physical basis of this hold which electrolytes have on 
the activities of living matter is clear. The configuration of 
a colloid is determined as much by the electrolytes present as 
by its own chemical nature. The imertia of a colloid—that is 
to say, the degree of resistance it offers to change—is deter- 
mined by electrolytes, since they provide what Helmholtz 
calls the “first condition of electrical distribution,” as 
between the colloid particles. It is possible by eliminating 
electrolytes to raise the sensitiveness of some colloidal 
solutions to the point at which they are stable in quartz 
vessels, but are at once precipitated when transferred to clean 
glass vessels, 

Exposure to distilled water also increases the sensitiveness 
of the surface of some living cells without destroying it. They 
will live and thrive in pure distilled water, but a trace of 
metallic impurity (estimated at 1 in 70,000,000) will quickly 
destroy them. 
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Here, I think, a certain broad conclusion is forced upon 
us. Since electrolytes control the configuration of colloidal 
systems in respect to the size, number and distribution of the 
colloid particles, and also shape the path of change of energy 
in living matter, we may infer that the functional processes 
of a cell are conditioned by the configuration of the colloid in 
the sense mentioned above. 

The material which manifests the phenomena of life is, as I 
have said before, nothing more than an optically homogeneous 
fluid medium, in which are suspended particles. When the 
store of potential energy is being drawn upon—that is to say, 
in the functional state of activity—the fluidity is decreased 
and a transitory stage of gelation may occur. Thus, when the 
cell substance contracts under stimulation, and in the death 
change when the potential-energy is dissipated as heat fluidity 
decreases to the point at which Brownian movement of the 
particles is suppressed. 

Also the establishment of the field of force which brings about 
division of cells in the process of multiplication is accom- 
panied by a local gelation. 

What physical significance can be attached to this decrease 
in fluidity ? According to the theories of Einstein and Hatschek 
a decrease in the fluidity is due to an increase in the volume of 
the colloid particles following upon an intake of water from the 
continuous medium. I do not think so simple a theory covers 
the facts. Their formula fails except in the case of the simplest 
hydrosols and suspensions. Actual observation of the process 
of gelation under the microscope reveals only an inconsiderable 
change in volume. The main events seem to be, firstly, a 
damping down of the Brownian movements ; and, secondly, an 
agglutination of the particles into rows which form the fibres 
of a quasi-rigid framework. 

It is practically certain that the process does not go so far as 
this in normal functional states. The colloid particles main- 
taih their independence, but their relation to each other and to 
the continuous medium are changed in such a way as to make 
their potential energy a function of their position. The 
molecular mechanism of these changes is quite obscure. We 
may picture to ourselves the colloid particles as strain centres— 
the microscope justifies so much—and the continuous medium 
as having the mechanical properties of an unannealed glass. 
Mechanically a living cell has many points of similarity to a 
Rupert’s drop; indeed, many forms violently disrupt if the 
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surface “skin” is cut through. Unfortunately we do not 
know the basis of the simple rigidity of glasses. The absence 
of any discontinuity in the change from fluid to glass similar 
to the discontinuity of energy and property which marks the 
change from fluid to crystal shows that a glass is a fluid which 
has lost its characteristic property of fluidity, but to the ques- 
tion why the molecules lose their freedom of movement there 
is at present absolutely no answer. 

One fact may be seized upon—namely, that a change from 
fluid to a solid of the gel or glass type may be due to quite a 
small local change in a complex molecule. 

Consider, for instance, the substance azomethine, which has 
the formula :— 


‘ : NC,H:N(CHs), 
| 


This substance has the property of forming rigid gels with 
any solvent; with ether, alcohol, benzene, chloroform, &c. 
But these very exceptional colloidal properties totally dis- 
appear if one hydrogen atom of the side chain is replaced by 
bromine. I think we are here in a region of molecular physics 
which is practically unexplored. 

The damping of Brownian movements in the course of the 
functional activity of living matter is, I think, a clue of the 
first importance to the mechanics of the cell. It suggests a 
much more extended “ grip” of the colloid particle upon the 
continuous medium than would be indicated by current con- 
ceptions of the range of molecular action. 

There are properties of simple hydrosols and of suspensions 
of living cells which point in the same direction. The sim- 
plest hydrosols, for instance, seem to have saturation points ; 
that is to say, the number of colloid particles in a cubic milli- 
metre cannot be increased beyond a certain point without 
occasioning precipitation, and the saturation pomt seems to be 
reached when the particles are still widely separated. A 
similar relation appears in a much more complex system— 
naniely, a suspension of bacteria in a nutritive medium. As 
the bacteria grow and divide, the rate of growth slackens and 
finally ceases, but this is not due to exhaustion of the medium, 
for if the bacteria are filtered or centrifuged off, and the mate- 
rial freshly inoculated, a fresh and copious growth results. 
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Very little is known about these curious saturation points, 
but I think you will agree that what is known suggests a range 
of influence of one particle upon another much greater than 
the range ascribed to molecular action. Something of the 
same kind is seen in thin sheets of fluid. A layer of carbon 
tetrachloride on water exhibits curious mechanical instabili- 
ties even when it is of the order of a millimetre in thickness. 
Such a sheet of liquid is like an unannealed colloid. The 
tension of the upper face, the air face, is 24 dynes, whilst that 
of the water face is 50 dynes, and I think there is much to be 
said in favour of the view that these unequal stresses make 
themselves felt throughout the entire thickness of the sheet. 

1 am inclined to suggest the phrase ‘‘ range of molecular 
action ”’ must be held to refer to two distinct things—the one 
is the range of an isolated molecule, say, a molecule of a gas in 
its free path ; the other is the orienting influence of molecules 
upon one another in the close packed states of fluid, glass, or gel. 

The true range of molecular action is that of the gas mole- 
cule. It is probably very small, of the order of 10-8 cm. 
But in the close packed states it is probable that the asymmet- 
rical field of force at an interface produces distortion of the 
external fields of the molecules and orientation extending on 
either side until it is upset by the heat motion. On this view 
the transition layer at an interface is a region of more or less 
fixed molecular pattern, akin, perhaps, to that of a glass. 
Before the war I had begun to observe particles of inter- 
faces under the ultramicroscope with the object ot detecting 
signs of such structure. It is certain that the Brownian move- 
ments are sometimes damped in a remarkable way in this 
region. The depth of these transition layers might be expected 
to be increased when the molecules involved are large, or, if 
small, when the external field of each molecule is markedly 
asymmetric about the centre of mass. It is significant that the 
influence of electrolytes upon living matter and upon complex 
organic colloids with large chemical molecules such as proteins, 
is determined by the volume of the ion as well as by the charge 

* The evidence however is not wholly one-sided. In Einstein and 
Hatschek’s formula for the viscosity of two-phase systems the viscosity is 
given as a simple fraction of the ratio between the volume of the dispersed 
phase and the total volume. When the degree of dispersion is high so that 
the particles of the one phase are ultramicroscopic the viscosity is greater 
than would be given by the formula. If, now, it is assumed that the dis- 
crepancy is due to the volume of the dispersed phase being increased by what 


might be called adsorption envelopes, it is found that these latter need be 
only 0-87 win thickness. But the formula also fails in other respects. 
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carried ; whereas the effect upon simple interfaces between 
fluid and solid and upon simple suspensions and hydrosols is 
determined solely by the charge. 

Mere increase in size of the molecule must of itself imtro- 
duce new considerations into molecular physics. The mole- 
cular weight of the red pigment of blood, itself a complex 
protein, is about 16,000; its volume would be equal to some 
hundred water molecules. The energy related to it when in 
solution will be its own kinetic energy, and the surface energy 
of the water molecules surrounding it. Also if it is to be re- 
garded as an elastic structure there will be potential energy 
due to bulk compression produced by the intrinsic pressure of 
the fluid. 

We are compelled, I think, to attribute surface energy to 
these large molecules, not, of course, strictly to the molecule 
itself, but to the displaced water, by the fact that they are. 
aggregated by minute traces of electrolytes in a way resembling 
the effect upon coarse colloid systems and suspensions. A 
molecular solution of hemoglobin is possible only in very pure 
water. 

It is curious that large molecules sometimes exhibit simple 
physical relations. Most proteins obstinately refuse to form 
states simpler than complex solutions or complex slimes or gels. 
Some, and hemoglobin is one of these, readily crystallise. 
Now hemoglobin when it crystallises preserves its peculiar 
optical characters unaltered. It has the same colours and the 
same absorption bands. It also continues to manifest the 
same special relations to gases as it has when in solution. 
Essentially it is unchanged. This continuity of physical pro- 
perties exhibited by so large a molecule is, I think, startling 
when considered in relation to Prof. Bragg’s account of the 
structure of crystals. 

I have no time to deal with the changes of energy in living 
matter. The subject is too complex for brief treatment, but I 
should like to offer a special problem. In general the energy 
changes of the living cell manifest the ordinary features ; they 
are, for instance, accompanied by the dissipation of a fraction 
of the energy on heat. One case, however, presents puzzling 
features—that of the nervous impulse. This is a short wave 
of molecular change which progresses along the axon filament 
at about 30 metres a second. It can be started by a local 
chemical, electrical, or mechanical change. The passage ¢of 
the wave over any region is followed by a brief period of com- 
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plete inexcitability, followed by rapid recovery of function. 
The molecular change involved in the wave is, therefore, one 
which needs a finite, though very short, time to be recovered 
from. One would conclude that the wave is a discharge of 
energy which has to be made good before another discharge 
can take place. 

This conclusion is borne out by the fact that recovery of 
function can occur only in presence of oxygen, and also by the 
fact that if the wave passes through a region in which its ampli- 
tude is diminished by cold or narcotics it is restored to its full 
extent so soon as it emerges into a normal region. 

The wave would, therefore, appear to be one of chemical 
change, but if this be so it is one of exceptional character. The 
temperature coefficient is very low for a chemical change, being 
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only 1:78 per 10 deg., and there appears to be absolutely no 
concomitant liberation of heat. The absence of any heat 
change is, however, I suppose, no more remarkable than the 
limitation of the rays emitted by phosphorescent animals to 
visual rays, and the energy of these rays is certainly due to 
oxidation. 

The profound difference between living matter and a simple 
gel is seen in the selective permeability of the former. Selective 
absorption of dyes is a common property of gels. Thus, 
gelatine gels condense basic dyes more than acid dyes. Gels 
of agar condense acid dyes more than basic dyes. But the 
permeability of living matter is both curiously selective and 
variable. The act of fertilisation of the ovum—the entry of 
the spermatozoon, that is—is followed by a passing rise in 
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the permeability of, the surface. In some cases permeability 
is said to be unidirectional. When the living skin of the frog 
is used ag an osmometer membrane it is said to permit the 
passage of carbonic acid in only one direction—namely, from 
its internal to its external surface. Permeability has been 
most completely studied in the kidney, and it appears that 
selective permeability is controlled by or due to an expenditure 
of energy by the living membranes of the kidney tubules. 

The business of the kidney is to maintain the blood of a 
certain normal composition as regards certain constituents. 
For our purpose we may regard the blood as a solution of 
certain colloids—mainly proteins—and of other solutes of 
simpler molecular character such as urea and salts. The 
kidney also appears to be chiefly responsible for maintaining 
the proper reaction of the blood—that is to say, the normal 
ratio of hydrogen and hydroxyl ions. 

Consider first the removal of excess water. This is governed 
by simple considerations of osmotic and hydrostatic pres- 
sure. Incidentally we get clear evidence, if physicists were 
in need of it, that large molecules, such as those of proteins, 
exert osmotic pressure. In an osmometer whose membrane 
is freely permeable by salts, sugar, urea, &c., the blood shows 
a permanent osmotic pressure of about 35 mm. of mercury. 
This is the osmotic pressure of what we will call for short the 
colloids of the blood. It is a critical pressure as regards 
the elimination of water, for when the blood pressure in the 
renal arteries falls to about this level the flow of urine ceases, 
because the hydrostatic pressure of the blood is then equal 

. to the opposing osmotic pressure. 

Now there is a certain solution of salts called Ringer’s fluid, 
much in use in biological investigations, which represents 
very closely the salts of the normal fluids of the body. H 
some of this solution be injected into the blood there is an 
immediate flow of urine which is just the Ringer’s fluid, or its 
osmotic equivalent, which has been added. The cause of the 
flow is obvious. The added Ringer dilutes the blood colloids 
and lowers the osmotic pressure. The result is that the 
balance between osmotic pressure and the hydrostatic pressure 
of the blood is upset and fluid flows out. 

That the kidney plays a passive part is proved by the fact 
that in such a case a copious flow of urine occurs without any 
increase in the rate of oxidation in the organ. There is thus 
no expenditure of energy in the process. 


_ 
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That the colloids of the blood plasma exert their influence 
simply in virtue of their osmotic pressure, and not because of 
their chemical nature, is proved by the fact that if gelatine be 
added to the Ringer’s fluid in quantity sufficient to give the 
osmotic pressure of the blood colloids and the fluid injected 
there is no diuresis. But if soluble starch be added until the 
viscosity of the Ringer’s fluid is, say, twice that of blood 
(3 per cent. starch), the diuresis is much the same as with 
simple Ringer’s fluid. This is because starch does not sensibly 
increase the osmotic pressure of Ringer’s fluid. 

But a flow of urine may be provoked by the injection of 
alkaloids or of urea or of a simple salt such as sodium sulphate. 
Consider the case of sodium sulphate. The injection of this 
salt essentially alters the chemical character of the blood. A 
diuresis is at once set up and a urine rich in sodium sulphate 
eliminated. In this case the living membrane discriminates 
in a remarkable way.between sodium sulphate and the normal 
salts of the blood. That is the usual way in which the physio- 
logist puts it, but it is as well to remember that the discrimina- 
tion may be due to the remarkable colloid complex which is 
present in blood plasma. At any rate, be that as it may, a 
differential treatment is accorded to the sodium sulphate or to, 
for instance, urea. Such selective diuresis is accomplished 
only at the expenditure of energy, as appears from the increased 
intake of oxygen by the organ. The physical processes under- 
lying the transference of solutes or water in the body are pro- 
bably very complex. Tor simple transference of fluid through 
a membrane one’s mind turns at once to electric endosmose. 
When a current is passed through a rod of gel there is an 
endosmotic movement of water, due to the fact that the colloid 
particles are usually at a different potential to the fluid bathing 
them. We may conjecture, therefore, that an electrostatic 
field maintained across a living membrane would cause trans- 
ference of fluid. When an expenditure of energy takes place 
in living matter its potential rises above that of the neigh- 
bouring inactive medium. For instance, the contracting 
portion of a muscle fibre, or the part of a nerve fibre actually 
conveying a nervous impulse, show a raised potential. Also, 
when a flow of saliva is excited, the electrical potential of the 
gland as a whole is altered. There can, therefore, be no ques- 
tion of the ability of a living membrane to produce a difference 
of potential between its two faces. But in simple electric 
endosmose the transport of fluid is due to an external field 
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acting upon that portion of the fluid which is charged, owing 
to contact with the containing walls. In the living gland 
there is nothing to take the place of this external field. If a 
difference of potential is established between he two sides 
of the living membrane, it is due to a change in the colloid walls 
themselves. 

Suppose a gradient of contact potential were maintained 
along the length of a tube holding fluid, would a flow of fluid 
result 2? I am inclined to think it would, the necessary flux 
of electricity taking place through the fluid or through the 
walls. 

The transference of fluid in a living cell, instead of being 
a simple endosmotic phenomenon, is most probably based 
upon variations in the water-holding power of colloid systems 
in different states. The imbibition of fluid by a body such as 
gelatine is a very obscure phenomenon partaking of the 
character of solution and of endosmotic movement. What- 
ever its origin, the water-holding power is easily altered. Ex- 
posure to the vapour of formaline will completely change the 
character of the gel. Its structure changes, the gelatine is 
altered so that it ceases to be soluble in water, and, though 
there is no immediate change in volume, the gel which has been. 
“ coagulated ”’ by the formaline has its vapour pressure raised. 
It holds water much less firmly. The partial coagulation 
which occurs in some processes of life, the change from a slime 
to a rigid gel, for stance, are unquestionably accompanied 
by variations in the potential, in Gibb’s sense, of the water. It 
the surface film of a colloid membrane separating two masses 
of fluid were to change in such a way as to lower the potential 
of the water in it, water would enter the region from both sides 
simply. But if the change of state were to be propagated 
as a wave of change starting at one face and dying out at the 
other face, water would be carried along from the one side 
of the membrane to the other. A succession of such waves 
would maintain a flow of fluid. 

I should like, in conclusion, to say a word as to the physical 
knowledge which the biologist is now in need of. The biologist 
has to deal with the molecular mechanics of gels and slimes. 
When the formation of a gel is followed by the microscope or 
the ultra-microscope, the change of state is seen to be due 
to an increase in size of the colloid particles, followed by their 
coalescence to form the fibres of a sponge. The fibres of the 
sponge, in many cases at any rate, are amorphous solids, like a 
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glass. Now we know that there is no break between the state 
of fluid and that of glass or gel such as there is between fluid 
and crystal. Even viscosity shows no discontinuity. Generally 
speaking, all physical properties pass over without interruption 
from the one state to the other. A gel or a glass, therefore, is 
in this sense a fluid which has lost the characteristic property 
of fluidity. What the biologist first of all wants to know, then, 
is the molecular mechanism of this change. When a fluid 
becomes a glass the fields of force about the molecules, as I 
picture it, become interlocked, so that, although the crystal 
state is not reached, the potential energy of a molecule in the 
interior of the mass ceases to be independent of its position. 
Osborne Reynold’s work upon dilatation is helpful in this con- 
nection, but I do not think it carries us far. 

To understand the gel or slime it is first necessary to under- 
stand the fluid state, and, unfortunately, though physics has 
much to say of the molecular structure of gases and crystals, 
that of fluids is still very obscure. 

Colloidal systems frequently are systems undergoing spon- 
taneous change. As Graham said, they contain “ inergia.” 
But in a dead colloid the “ inergia” is due to differences of 
concentration which right themselves slowly owing to the slow 
rate of diffusion of the solute and to delavs caused by internal 
surfaces. The remarkable hysteresis of surface films similarly 
springs from the slowness of tangential diffusion, as Gibbs 
pointed out. The available energy of a dead colloid or of an 
interface is in the main physical in character. That of living 
matter is essentially a chemical potential, and the chemical 
potential gives way in the response to a stimulus, and is 
restored by an intake of oxygen. The activities of a living cell 
appear to be due to a cunning combination of the chemistry 
of the dead space with the hysteresis of the colloid. The well- 
known drop of mercury in a very dilute acid solution of a 
chromate might perhaps be taken as a model. The drop is 
thrown into regular pulsation by intermittent contact with a 
wire. But the drop of mercury must be reduced in size until 
the chemistry of its surface becomes a rapidly varying function 
of its radius, such that if a displacement occurs a train of 
pulsations results. 

ABSTRACT. 

The lecture dealt with the physical aspect of some of the phe- 
nomena of living matter. At the outset some of the snares and 
pitfalls which beset the path of the physiologist in search of physical 
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facts were indicated: One of these was the effect of instinct or 
intelligence in anticipating altered circumstances, and in setting 
the appropriate physiological process in action even before the 
actual change in circumstance had taken place. For example, in 
some experiments to determine the time lag of increased respiration, 
it was found that the subject—a cyclist—always anticipated the 
application of the load and the acceleration of his breathing com- 
menced before the actual increase in effort of which it should be the 
consequence. Then, again, many of the long-accepted theories of the 
structure of living organisms were ultimately found to be due wholly 
to the method of killing the organism and preparing it for examina- 
tion. Exactly similar structures could be obtained in pieces of 
gelatine if treated in the same way. 

Many phenomena were quoted to illustrate the close analogy of 
many of the functions of living matter to processes familiar to the 
physicist and physico-chemist. In some of these—for example, the 
digestive processes of certain organisms—the analogy was so com- 
plete that the whole process could be reproduced exactly with non- 
living material. 

The principles underlying growth and development were out- 
lined, and it was shown. that growth depended on the presence in 
the food of vitamines. Thus, in the case of white mice fed on 
artificial milk made by mixing together the purified constituents 
of ordinary milk, but containing no vitamines, growth ceased 
altogether, while if 2 per cent. of ordinary milk were added to the 
artificial milk the growth rapidly became normal. Another example 
of the influence of these vitamines was that, in pure distilled 
water, it was impossible to obtain a development of living organisms, 
but if the slightest trace of tap water were added—putting a stopper 
in the bottle which had previously been in a bottle of tap water 
was sufficient—the organisms would thrive quite normally. The 
fact that such small proportions of nutriment containing vitamines 
was suticient suggested a parallel between their action and that of a 
few crystals thrown into a supersaturated solution of a salt in 
initiating a crystallisation of the whole. 

A further example of the subtle influence of physical laws in 
physiological phenomena was contained in the explanation of the 
joining up of severed nerve processes. The directive action involved 
in this was stated to depend on extremely minute concentration 
gradients. 

Many other interesting phenomena were described and explained. 
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